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Abstract

:

The mycorrhizal type affects the structure and functions of tree roots. Therefore, the mechanical traits of the roots of tree species with different types of mycorrhizal fungi may be linked to different root functional traits. Fine roots, in particular, are closely related to the root structure and are also important for slope protection. However, the relationship among the mycorrhizal types of trees, root mechanical traits, and root structure remains unclear. This study aims to investigate the link between fine root tensile strength (Tr) and root morphological and/or structural traits in temperate trees with different mycorrhizal types. We investigated the seedlings of 15 dominant tree species in the cool temperate forests of northern Japan. For each species, fine root Tr and other five common root morphological and structural traits were measured. There was a significant positive correlation between total fine root biomass and fine root Tr consistently, even in the analysis of mycorrhizal types (arbuscular mycorrhizal (AM), and ectomycorrhizae (EM)). Our findings indicate that the root structural trait is an important driver of fine root Tr, especially for AM and EM species, and suggest that including a plant-mycorrhizal framework in future work offers great potential to improve our understanding of forest restoration.
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1. Introduction


Trees significantly contribute to the prevention of shallow landslides by providing root reinforcement for the surface soil [1]. In shallow soils, tree roots penetrate into the soil and anchor the soil into a more stable substrate. Mechanical traits, such as the root tensile force, contribute to the reinforcement and erosion resistance of the root–soil system [2]. Specifically, a higher tensile force allows the roots to fully exert their strength during pull-out and increase soil shear strength. Thus, root tensile strength (Tr) has been studied as an important parameter to evaluate the effect of vegetation slope protection [3,4,5,6,7]. On the other hand, it is laborious to measure the root Tr [8], and large variations in the root Tr exist among tree species [9]. Therefore, for the proper and convenient usage of tree species with a higher root Tr, it is useful to determine powerful predictors of root Tr across a wide range of tree species.



Root morphological traits are known as some of the main predictors of root Tr [2,10]. In particular, root diameter is well known to be an important predictor of root Tr. Root Tr generally decreases with a larger root diameter following a power-law equation [3,11,12]. However, Ghestem et al. [6] showed that the fine root Tr varied by more than an order of magnitude among nine tree species but was not well explained by the variation in fine root diameter. Root gauge length [13] and root topology [14] are also good predictors of fine root Tr. However, these studies have tested the relationship between functional root traits, such as root diameter, and fine root Tr at most for nine species of trees (e.g., [6]). In other words, to our knowledge, previous studies have not identified a link between root morphological and/or structural traits and fine root Tr across a wider range of tree species. Traditionally, coarse roots are considered to have an anchoring function [15], and fine roots are linked to resource acquisition. However, in recent years, the importance of fine roots in maintaining hillside stability via their mechanical force has received increasing attention [1,14,16]. Therefore, to understand the functional plant species that stabilize the hillside slope, for instance, it is important to determine the useful predictors of fine root Tr across a wide range of tree species.



Increasing evidence suggests that simple relationships between morphological and structural traits may need to include the symbiotic relationship between roots and mycorrhizal fungi [17,18,19]. The majority of tree species form symbiotic relationships either with ectomycorrhizae (EM) or arbuscular mycorrhizae (AM), while some species develop symbiotic relationships with both fungal groups (AEM) [20]. The mycorrhizal relationship enhances the acquisition of water and nutrients for the plants by changing the morphology and structure of the roots, and the changes differ in different ways among mycorrhizal types [21,22]. For example, for species with fine roots, AM trees mainly rely on producing more roots to absorb nutrients, whereas EM trees rely on producing more mycorrhizal fungal hyphae [18]. The differences in the nutrient acquisition by mycorrhizal types may predispose AM and EM trees to favor thinner and thicker roots, respectively, leading to large differences in root traits between the two types [19], which had the potential to relate closely with fine root Tr. On the other hand, Chen et al. [23] and Zhang et al. [16] found that inoculation with AM fungi could generally enhance root Tr. The influence of mycorrhizal fungi on root Tr should not be neglected, because of the fundamental (morphological, physiological, biochemical) change in host plants introduced by mycorrhizal fungi [24]. However, to the best of our knowledge, there are few studies that systematically searched for differences in fine root Tr between temperate mycorrhizal fungi-forming trees. Furthermore, an explicit link is lacking between root morphological and/or structural traits and fine root Tr among the contrasting mycorrhizal types. Explaining fine root Tr in terms of mycorrhizal types is useful to understand the species with larger fine root Tr based on the already-existing information of the mycorrhizal type of tree species. The understanding of the relationship between fine root Tr and mycorrhizal types is also useful to select the tree species with larger fine root Tr which is powerful for forest restoration after landslides without labor-intensive measurement of fine root Tr.



To answer these questions, we investigated the relationship among the fine root Tr, mycorrhizal types, and root morphological and structural traits for a total of 15 woody species with different mycorrhizal types in cool temperate forests. Specifically, our objectives were to (1) investigate what predictive relationships exist between root functional traits and Tr at the large species scale; and (2) examine whether the predictive relationships were consistent across mycorrhizal types. The expected results would provide important insights for choosing plant species with high fine root Tr in restoration projects, which is useful for resisting soil erosion in forests.




2. Materials and Methods


2.1. Species Selection and Experimental Design


Fifteen species that are dominant in the cool temperate forests in northern Japan (Hokkaido region) were selected for this experiment (Table 1). The 15 species were classified into three mycorrhizal groups following Makoto et al. [25]: the EM group (Abies sachalinensis Mast., Picea glehnii Mast., Quercus crispula Blume., and Tilia japonica Simonk.), the AM group (Aralia elata Seem., Cercidiphyllum japonicum Sieb. Et Zucc., Fraxinus mandshurica var. Japonica Maxim., Lespedeza bicolor Turcz., Magnolia obovata Thunb., and Ulmus davidiana var. japonica Nakai.), and the AEM group, which include the species that develop a symbiotic relationship with both AM and EM fungi (Alnus hirsuta Turcz., Cerasus sargentii Rehder., Morus australis Poiret., Salix caprea Linn., Sorbus commixta Hedl.). Although the AEM group is less investigated than the other two groups, many of the dominant tree species in our region are categorized into this group, and we should understand their ecosystem function. The selected species are those that (1) are observed in the disturbed soil in the forests of the Hokkaido region, (2) are used by land managers for erosion restoration, and (3) develop different types of mycorrhizae.



One-year-old seedlings were purchased from a seedling company in Hokkaido (Yukijirushi Shubyo Kabushiki Gaisha, Tokyo, Japan). We prepared 6 individuals for each species and planted in the nursery of the Nayoro Research Office of Hokkaido University, located in Nayoro, northern Hokkaido, northern Japan (44°33′N, 142°45′E) (Figure 1). A total of 90 individuals were planted at the beginning of the growing season in 2021, manually managed to ensure survival, and excavated by mid-August 2021 for further analysis, as that is the later part of the most active growing season for woody plants in Hokkaido [25] and the functional traits of the roots can be considered mature at that time. In this area, the average temperature from June to August was 18.3 °C, with a maximum temperature of 36.4 °C in July between 2015 and 2021. The average precipitation was 112.3 mm during the same period. In general, the soil of this area is heavy clay and the parent material is unconsolidated sedimentary rock, and the soil chemical properties at the surface soil are as follows: pH 5.4, total nitrogen content 2.5 g/kg, available potassium contents 0.138 g/kg, available calcium contents 1.97 g/kg, and available magnesium contents 0.373 g/kg [26].




2.2. Root Traits


Five of the major morphological and structural traits of roots were measured (root morphological traits: average fine root diameter (AD), root tissue density (RTD), specific root length (SRL), and maximum root depth (D); root structural traits: total fine root biomass) [27]. For the trait measurements, each seedling was carefully excavated with a shovel to avoid damage to the roots. First, D (cm), as the deepest soil depth reached by the roots of an individual seedling, was measured on-site with a ruler during the excavation. After the excavation, individual seedlings were grouped into batches and washed gently with water to remove soil particles from the root system. After washing, we separated the aboveground and underground parts of the plant and removed the excess water on the surface of the root system with a rag. Fine roots have been defined as roots ≤ 2 mm in diameter [28]. We separated all the fine roots of the seedlings. Three samples of fine roots were collected randomly from the root system of each individual in order to have representative samples of fine roots in the system. Fine root samples were scanned with a double-lamp bed scanner (GT-X970, Epson, Suwa City, Japan). By using the scanned image, the AD (mm), length (cm), and volume (cm3) of the fine root samples were determined using WinRHIZO Reg (version 2009a, Regent Instrument, Sainte Foy, QC, Canada). Then, all the fine roots of an individual seedling were dried at 70 °C for 48 h and weighed to calculate the total fine root biomass (g). The RTD of fine roots (g/cm3) of an individual seedling was calculated from the ratio of dry mass to root volume of the fine root samples, and SRL (cm/g) was calculated from the ratio of root length to dry mass [27].




2.3. Root Tensile Strength


The water content of fine roots strongly affects the root Tr [29]. To counteract this water content-dependent change in Tr (which we do not intend to focus on in our study), representative fine root pieces were put into a 15% alcohol solution in order to prevent root decomposition and refrigerated at 4 °C before measuring [30,31], and 6 pieces of fine roots for each seedling were stored. The root Tr was measured by a tearing and punching test machine (Kanagawa Giken, Odawara, Kanagawa, Japan) connected to a force gauge (DS2-50N, Imada, Toyohashi, Aichi, Japan). The precision of the force gauge was 0.01 kN. To ensure that the test roots did not slip, we stuck sandpaper in the clips [32]. A tensile force was applied to the root samples at a loading rate of 50 mm/min, and the maximum value of the digital display was recorded, which was the maximum external force required to break the root samples. Following Ji et al. [33], only samples that fractured in the middle third of the root length between the clamps were considered successful, which could ensure the root fracture was due to tensile force and not induced by the stress concentration proximal to the clips, and data from the successful tests were used for the analysis. Finally, there were 82 fine roots Tr data for the AM species group, 41 for the EM species group, and 71 for the AEM species group. After the tensile test, the root diameter was measured at the fracture, and the measurement was taken as the average between the diameter of the two separated parts with a digital Vernier caliper with a 0.01 mm accuracy. The diameter of each part was the mean of at least two measurements of height and width of each part to avoid the case that the root is not perfectly circular. The over-bark diameter of the tested root pieces varied between 0.1 and 1.18 mm, and the length of each piece was at least 15 times its diameter. The Tr at the break was calculated as the maximum force required to cause root failure divided by the root cross-sectional area (CSA) at the point of failure [5].




2.4. Statistical Analysis


Trait differences between species and mycorrhizal types were investigated with ANOVA and Duncan tests. A Kolmogorov–Smirnov test was used to test the normality of all the original data before proceeding with ANOVA. When the data did not follow a normal distribution, the data were log-transformed before analysis to make the data meet the analysis requirements. Statistical significance was recognized when p < 0.05. To check the relationship between the fine root Tr and other root traits, we employed a generalized linear mixed model (GLMM). Before performing the model, all data were standardized and variance inflation factors (VIFs) were calculated to detect collinearity among predictor variables. Root functional traits were set as the fixed factors, and species identity and the location of the plots (where seedlings were planted) were set as the random factors. All analyses were carried out with SPSS (version 27 for Windows), and figure preparation was carried out using Origin 9.0 software (OriginLab Corporation, Northampton, MA, USA).





3. Results


3.1. Fine Root Tr and 5 Root Traits


There was a significant difference in the fine root Tr among mycorrhizal types (F = 7.088, p < 0.01, ANOVA) (Figure 2 and Table 2). The fine root Tr of the EM species group was significantly different from that of the AM and AEM species groups (Figure 2 and Table 2). Across the 3 species groups, the mean fine root Tr ranged from a minimum of 12.88 MPa in the EM species group to a maximum of 32.32 MPa in the AEM species group (Figure 2, Supplementary Table S1). The fine root Tr differed significantly among species (F = 11.77, p < 0.01, ANOVA) (Table 2); M. australis showed the highest fine root Tr, while M. obovata showed the lowest value (Supplementary Figure S1). All measured root traits except for D and SRL were significantly different among species and were significantly different among mycorrhizal types (Table 2).




3.2. Relationships between Fine Root Tr and 5 Root Traits


In the GLMM analysis for all 15 species, there were no multicollinearity issues among the explanatory variables, and the total fine root biomass showed a significant positive correlation with fine root Tr (Figure 3, p = 0.013). The fine root Tr of the mycorrhizal groups showed a significant relationship with the root structural trait. There was no root trait was excluded from the model due to multicollinearity issues, and the fine root Tr of AM and EM species both showed a significant positive correlation with total fine root biomass (Figure 4, p = 0.029; Figure 5, p = 0.016). For the AEM species, there was no significant relationship between the fine root Tr and root traits.





4. Discussion


4.1. Determinants among Mycorrhizal Groups


Previous studies suggested a predictive relationship between Tr and root diameter [3,11,12]. We found that total fine root biomass can also be used as a strong predictor of fine root Tr (Figure 3, Figure 4 and Figure 5). Although the mycorrhizal type is known to be linked to the differences in fine root functional traits (e.g., root nitrogen content and root tissue density [34]), to the best of our knowledge, this is the first study that demonstrates the difference in fine root Tr among tree species with different types of mycorrhizal symbiosis.



A smaller diameter has been reported to cause a stronger fine root Tr in many studies [5,10,13]. In our study, when we performed GLMM analysis of average fine root diameter and fine root Tr, although the average root diameter significantly affected the fine root Tr of 15 species (Supplementary Figure S2a, p = 0.015), such an effect did not appear in the three mycorrhizal types (Supplementary Figure S2b–d). This suggests that, at finer taxonomic scales, fine root diameter does not always have a general effect on fine root Tr. This result is consistent with those of several previous studies [6,14], which reported that the diameter alone was insufficient to explain the variation in fine root Tr, although the determinant factor was not well discussed. The total fine root biomass might be an important alternative predictive factor for fine root Tr (Figure 3, Figure 4 and Figure 5, Supplementary Table S1). Fine roots play a vital role in energy and material flow in plants [28], and their growth is an important strategy for nutrient acquisition in trees [35]. It has been suggested that the nitrogen concentration of fine root tissue is higher in soil patches where nutrient availability is greater [36]. A certain increase in nutrients, especially nitrogen, can lead to a higher cellulose content in fine roots [37], which results in a higher Tr. Therefore, we propose that individuals with high total fine root biomass have large fine root Tr because of their high nutrient availability.




4.2. Variation among Mycorrhizal Groups


We also found that the difference in fine root Tr existed not only between mycorrhizal types but also within mycorrhizal types. The plasticity in fine root Tr within each mycorrhizal group was greater than 50% (Supplementary Table S2). For this within-mycorrhizal group variation, fine root biomass was an important predictor of the variation in fine root Tr of 15 species, AM and EM mycorrhizal types (Figure 3, Figure 4 and Figure 5). Unlike the results of many previous studies (e.g., [6]), it was interesting to see that, rather than the morphological traits, structural traits were important predictors of the variation in fine root Tr within each group. As previously described, fine roots are the main organ that plants use to uptake nutrients from the soil [28], and a larger fine root biomass might represent the amount of nutrients that a plant can uptake, potentially resulting in a higher Tr. About AEM species, it is difficult to further discuss the underlying mechanism affecting the fine root Tr of this mycorrhizal group because trait-based functional studies are scarce, and even the definition of AEM species is debated [38].



To our surprise, the fine root Tr of the AM species group was significantly higher than that of the EM species group in our study (Figure 2, Supplementary Table S1). On the other hand, we also found that the total fine root biomass of AM species group was significantly higher than that of the EM species group (Supplementary Table S1). This also supports our previous finding that the structural trait is an important determinant of fine root Tr. Furthermore, the difference in lignin and cellulose contents could be possible parameters driving the differential fine root Tr among mycorrhizal groups. The colonization of AM fungi on fine roots increases the proportions of cellulose [23], and cellulose contributes to the increase in root Tr [5]. However, this issue is beyond the scope of this study, and further investigation of the difference in lignin and cellulose content in fine roots among mycorrhizal types could be helpful to determine the underlying mechanisms of fine root Tr divergence among mycorrhizal types in detail.





5. Conclusions


The importance of mycorrhizal types in influencing plant growth performance and ecosystem processes, for example, root respiration [34] and soil organic matter [39], has received much attention. However, it is unclear whether mycorrhizal types could also affect root trait–Tr relationships. In this study, we sought to assess morphological and structural traits on a more precise scale to better link them with the fine root Tr of 3 mycorrhizal types. Total fine root biomass had a significantly positive correlation with the fine root Tr of tree species and was a good predictor even across different mycorrhizal types. Compared with morphological traits, the root structural trait could better predict the fine root Tr of the mycorrhizal types in this study. Through detailed analysis of root samples, characteristics in predictors of fine root Tr among mycorrhizal types were detected that would have been overlooked in the more rapid analysis of bulked samples.



It is well known that most plants and nearly all species used for eco-engineering measures have a symbiotic relationship with mycorrhizal fungi [40]. Previous studies have shown that mycorrhizal fungi can improve a plant’s ability to overcome periods controlled by strong (growth) limiting factors [24], promote plant growth and survival, and significantly increase the root network of fungal host plants [41,42], thus indirectly increasing soil stability. On the other hand, fungi, through their filamentous growth forms and giant mycelial networks, entangle loose soil particles and solidify them by producing “sticky” metabolites such as polysaccharides and hydrophobic compounds, thereby achieving aggregation stability [43,44,45]. Furthermore, the use of mycorrhizal fungi and the symbiosis of certain root species lead to an increase in the root Tr, which enhances mechanical reinforcement [16,23]. Much of the existing research and experience tends to emphasize the role of mycorrhizal fungal communities in restoring degraded ecosystems [46,47,48]. The findings of the present study provide the evidence for convenient selection of temperate trees, especially at the seedling stage, with larger fine root Tr which is useful to be planted for the restoration after landslides; namely, AM and AEM trees. Future work should be conducted to explore functional consequences of differential mycorrhizal type and their slope protection with special reference to fine root Tr.
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Figure 1. Experimental nursery and plots used in this study. Note: (a): Locations of nursery in Nayoro, northern Hokkaido; (b): Layout map of 6 plots of 18 m × 12 m nursery; (c): 15 species were randomly planted in each plot. 
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Figure 2. Fine root Tr of different mycorrhizal types (EM: ectomycorrhizae, AM: arbuscular mycorrhizae, AEM: dual mycorrhizae). Different lowercase letters indicate significant differences among mycorrhizal types (p < 0.05) according to Duncan tests. 
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Figure 3. Relationships between the fine root Tr and total fine root biomass of 15 species. The statistical significance for the relationship between the two parameters is shown as the p value based on the GLMM analysis. 
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Figure 4. Relationships between the fine root Tr and total fine root biomass of AM species. The statistical significance for the relationship between the two parameters is shown as the p value based on the GLMM analysis. 
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Figure 5. Relationships between the fine root Tr and total fine root biomass of EM species. The statistical significance for the relationship between the two parameters is shown as the p value based on the GLMM analysis. 
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Table 1. Ecological characteristics of the 15 species studied.
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	Species
	Family
	Mycorrhizal





	Abies sachalinensis
	Pinaceae
	EM



	Picea genii
	Pinaceae
	EM



	Quercus crispula
	Fagaceae
	EM



	Tilia japonica
	Malvaceae
	EM



	Aralia elata
	Araliaceae
	AM



	Cercidiphyllum japonicum
	Cercidiphyllaceae
	AM



	Fraxinus mandshurica var. Japonica
	Oleaceae
	AM



	Ulmus davidiana var. japonica
	Ulmaceae
	AM



	Lespedeza bicolor
	Fabaceae
	AM



	Magnolia obovata
	Magnoliaceae
	AM



	Alnus hirsuta
	Betulaceae
	AEM



	Cerasus sargentii
	Rosaceae
	AEM



	Morus australis
	Moraceae
	AEM



	Salix caprea
	Salicaceae
	AEM



	Sorbus commixta
	Rosaceae
	AEM
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Table 2. ANOVA results for root functional traits of the 15 studied species. Significance levels: ns nonsignificant, * p < 0.05, ** p < 0.01, *** p < 0.001.
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	Tensile Strength (MPa)
	Average Fine Root Diameter

(mm)
	Root Tissue Density

(g/cm3)
	Total Fine Root

Biomass(g)
	Maximum Root Depth

(cm)
	Specific Root Length

(cm/g)





	ANOVA between species
	F = 11.779 ***
	F = 14.31 ***
	F = 3.66 ***
	F = 11.21 ***
	F = 3.58 ***
	F = 2.27 *



	ANOVA between groups
	F = 7.088 **
	F = 6.97 **
	F = 6.32 **
	F = 4.94 **
	F = 0.095 ns
	F = 0.067 ns
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